The adsorption and textural properties of LSX zeolite after cation exchange both in LiCl and NH 4 Cl aqueous solutions have been evaluated from elemental analysis, XRD, N 2 adsorption at 77K, and CO 2 and N 2 O adsorption at 273K. Incorporation of Li + and H + results in a significant decrease of adsorption selectivity towards CO 2 in a pressure range 0.01 -1 Torr compared to the initial LSX in the K-Na form. This feature allows simultaneous quantitative sequestration of CO 2 and N 2 O traces from contaminated gas flows, or can be useful for pre-concentration of these gases prior to catalytic utilization. Above 1 Torr adsorption selectivity rises to 1.0 for the unmodified LSX, but incorporation of Li + and H + increases it in the range 5 -50 Torr, allowing adsorption purification of N 2 O from CO 2 diluted an in inert gas flow under the applied conditions.
positions. Gas separation in zeolites proceeds due to the interaction of guest gas molecules' dipole and quadrupole moments with the zeolite's extra-framework cations that have various charge densities depending on their nature [6] . High counterion concentration and charge density are the key to high adsorption selectivity. E.g., the Li-form of LSX zeolite has the much higher sorption capacity and selectivity towards N 2 in a mixture with O 2 [7] .
Nowadays, one challenging problem of high significance is the purification of greenhouse gases such as CO 2 and N 2 O from gas mixtures [8, 9] . In particular cases this problem can be solved by means of adsorption techniques [10] . Typically, special selective adsorbents such as zeolites, active carbons, and amino-modified porous materials can be utilized for such a purpose, but only one of the gas mixture components is usually removed due to noticeable adsorption selectivity [11] . CO 2 and N 2 O have similar molecular masses, and close saturation pressures under ambient temperatures. The main distinctive feature of these molecules from the adsorption point of view is their different dipole and quadrupole moments. The smaller quadrupole moment of N 2 O (-11x10 -40 C m 2 versus -15x10 -40 C m 2 for CO 2 ) is the reason for the lower adsorption uptake by zeolites. However, N 2 O has a noticeable dipole moment, which is absent in CO 2 , and this can compensate for some extent the adsorption uptake. The role of the composition of extra-framework cations in the comparative adsorption of N 2 O and CO 2 in LSX has not been investigated to our knowledge. In this work, we discuss the effect on gas adsorption selectivity of the exchange of the original K + and Na + cations with Li + and NH 4 + of this zeolite.
Methods
LSX zeolite powder in a K-Na form was prepared according to the known procedure [10] . It was used as a starting material designated as LSX-ini. NH 4 Cl and LiCl of "reagent grade" qualification and mono-distilled water were used to provide the ion exchange treatment. In a typical ion exchange experiment
Introduction
LSX zeolite (low-silica X) and its derivatives [1, 2] are mainly utilized in adsorption separation of gas mixtures [3, 4] . According to Lowenstein's rule [5] , this zeolite is characterized by the highest possible content of framework Al (mole ratio SiO 2 /Al 2 O 3 =2-2.2) and, consequently, the highest possible counterion content. The counterions occupy internal (SI, and SII), and extra-framework (SIII) 3 g of the zeolite sample was placed in 80 ml of 1 M aqueous salt solution, and the mixture was carefully stirred for 3 hours. After each ion exchange procedure samples were filtered off, and washed until no reaction for chloride ion was observed. The entire procedure was then repeated. Four different samples were prepared: LSX-Li sample was obtained after a single ion exchange in 1M LiCl aqueous solution; LSX-Li-Li sample was obtained after two successive ion exchange procedures in 1M LiCl aqueous solution; LSX-NH 4 sample was obtained after ion exchange in 1M NH 4 Cl aqueous solution; LSX-NH 4 -Li sample was obtained after successive ion exchange in 1M NH 4 Cl aqueous solutions of NH 4 Cl and LiCl. The samples were dried at 40°C under vacuum between successive ion exchange procedures. At the end of all treatments, all samples, including the initial, which was not exposed to any treatments in aqueous medium, were dried under vacuum at 40°C.
Short communication
The elemental analysis was performed by means of atomic emission spectroscopy with inductively coupled plasma (Optima 4300DV, Perkin Elmer, USA). The probes were prepared by dissolving of the samples in 6M HCl solution.
The phase composition was analyzed from powder diffraction patterns obtained using HCG 4-C (Freiberger Präzisionsmechanik, Germany) difractometer. The range of 2θ was set to 4 -40°, λ = 1.54184 Å (СuK α ). The calculation of the measure of crystallinity, γ, was performed accounting reflexes (642) at 2θ=25,5-28,0° following the D3906-03 standard [12] , and determined as the ratio of reflex areas, subtracting the area of a baseline curve. Initial LSX-ini zeolite was used as the reference crystalline material.
Textural and adsorption properties were evaluated from adsorption isotherms of nitrogen at 77 K, and carbon dioxide and nitrous oxide at 273 K. Before adsorption experiments, the samples were additionally subjected to vacuum treatment at 200°C, with a heating rate of 10°C/ hour. Nitrogen adsorption isotherms were measured on the Quadrasorb evo (Quantachrome Instruments, USA), and adsorption isotherms of other gases at 273K
were measured on the Autosorb-6B-Kr (Quantachrome Instruments, USA). Nitrogen adsorption isotherms were used for calculation of the specific surface area (a s (BET)) according to the modified BET method [13] , the micropore volume (V micro ) and the mesopore volume (V meso ) by means of the NLDFT method implemented in Quantachrome's software, the total pore volume (V Ʃ ) was calculated from the adsorption uptake at p/p°=0,995 assuming adsorbed N 2 density equal to the bulk density of N 2 at 77K. Adsorption selectivity towards carbon dioxide and nitrous oxide was estimated from the adsorption isotherms of these gases at 273K as the ratio of pure gas uptake under selected pressures.
Thermal gravimetrical analysis of LSX-ini and LSX-NH 4 samples was carried out by means of NETZSCH STA 449C instrument in a range of 20 -600°C with a ramp of 10°C/min.
Results and Discussion
The results of the elemental analysis are shown in Table 1 . According to these data (Table 1) , successive ion exchange procedures in LiCl aqueous solution result in the gradual increase of Li content in LSX. About 60-70% of residual Na and K are replaced with Li at each step. Ion exchange in NH 4 Cl aqueous solution leads to a twofold reduction of Na and K content. The following ion exchange in LiCl aqueous solution yields a lower Li content compared to LSX-Li. In all possibility NH 4 + cations complicate Li + incorporation. Fig. 1a shows powder X-ray diffraction patterns. All samples retain pure crystallographic faujasite phase, since the reflexes of other crystalline phases are not observed. According to the D3906-03 standard the distinctive reflex for LSX (hkl=642) is observed at 2θ=25,95°, the position of this reflex for LSX-ini corresponds to 2θ=26,65°. Cation exchange slightly shifts this reflex to 2θ=26,60-27.00°. Formally calculated γ varies from 99 to 162 % as it can be seen from Table 1 . One can hardly expect the increase of the material crystallinity due to cation exchange. More probably, the increase of γ for Li containing samples is attributed to the inaccuracy of the D3906-03 standard in this particular case. However, to the best of our knowledge there is no more accurate procedure for evaluation of LSX crystallinity from XRD data. N 2 adsorption isotherms at 77K are shown in Fig.1b . The isotherms belong to type Ia according to IUPAC classification [14] , indicating that all samples are microporous. Small hysteresis loops of type H4 indicate the presence of insignificant amounts of meso-and macropores. Textural characteristics (Table 1) show some (under 20%) increase of the adsorption uptake, and correspondingly the increase of the specific surface area, and the volume of pores (micropores, mesopores, and the total pore volume) in the following order:
LSX-ini→LSX-Li→LSX-Li-Li→LSX-NH 4 To confirm this assumption we performed a TG analysis of the LSX-ini and LSX-NH 4 samples (Fig. 2a,b) . Both samples reveal endothermic peaks in the range of 100-300°C. The starting mass loss (T < 100°C) is about 4-5% and similar for both samples. It corresponds to the evaporation of water from the outer surface and macro-and mesopore capillaries. The mass losses in the temperature range from 100°C to 200°C are significantly different and account for 6 and 11 mass% for the starting material and the modified sample, respectively. The mass loss of 6% for LSX-ini corresponds to water that is physically adsorbed in zeolite micropores, and mass loss of 11% for LSX-NH 4 corresponds to both desorption of physically adsorbed water and decomposition of the ammonium cation that leave the material as ammonia. This is confirmed by elemental analysis data (Table 1) . Indeed, the volume of micropores in both samples is occupied by water, and by extraframework cations (Na ). In the case of LSX-ini only physically adsorbed water can be removed from micropores. However, an almost identical amount of water is removed from LSX-NH 4 , and this is accompanied by the removal of a part of NH 4 + cation, which leaves the micropores as NH 3 . The difference between 11% and 6% mass losses is 5 mass %, that strictly corresponds to content of ammonia cations, determined from elemental analysis. Mass losses at T > 200°C are comparable for both samples and equal to 9% in the temperature range from 200°C to 300°C. CO 2 and N 2 O adsorption isotherms at 273K for LSX-ini, LSX-Li-Li, and LSX-NH 4 are shown in Fig. 3a . Isotherms for other samples are not shown due to significant overlapping. Cation exchange to NH 4 + has significant impact on adsorption of these gases, while the result of cation exchange to Li + is not as noticeable. For analysis purposes it is suitable to consider the ratio of adsorption uptake of CO 2 and N 2 O at certain pressures (Fig. 3b) . This ratio can serve as a measure of adsorption selectivity. One can see that cation exchange with Li + does not seriously change adsorption selectivity. Under low pressures it increases in the order LSX-ini, LSX-Li and LSX-Li-Li, with LSX-Li-Li giving the highest adsorption selectivity indicating a much stronger interaction of CO 2 with alkali counterions as compared to N 2 O. Under pressures close to atmospheric pressure the selectivity reaches 1.0, and the total uptake (Fig. 3a) comes close to the uptake of N 2 at 77K, evidencing quantitative filling of micropores. The situation changes for LSX-NH 4 and LSX-NH 4 -Li, which were subjected to the treatment with aqueous NH 4 Cl. There is the significant decrease of adsorption selectivity towards CO 2 in the pressure range 0.01 -1 Torr compared to initial LSX. Notably, this feature allows simultaneous quantitative CO 2 and N 2 O adsorption that can be useful for pre-concentration of these gases. Above 5 Torr adsorption selectivity decreases compared to LSX-ini to the level of ~2 for LSX-NH 4 -Li, and ~1.7 for LSX-NH 4 . Such behavior can be useful, e.g., for adsorption purification of N 2 O from CO 2 in a flow of air when partial pressures of these gases are below ~10 Torr.
We assume that at high degree of exchange + makes the surface more acidic, and thus less sensitive to CO 2 . However, the impact of this type of interaction is unknown, and probably low, because we observe totally reversible adsorption-desorption of CO 2 and N 2 O for our samples. Nevertheless, this aspect of LSX should be studied in the future.
